D-A124 588 OPTIMIZATION OF THREE DIMENSIONAL COMBINED TRUSS/FRAME 172
STRUCTURESCU) NAYAL POSTGRADUATE SCHOOL MONTEREY CA
G L BENDER OCT 82

UNCLASSIFIED F/G 13/13 .




EAE SR Thadl Yot S Ar i a1 -
CPE) W W BT S Pt <
I Riic gy T T

CRPUE IR WP ST S Tar X
B2 A ?
AL WAL Dy WO SRR . v T
EET R S '.-Z I S IV R TR T TR W T Ve e e T e =
e T e T e T S T e e e T T T
e T e e e,

N 4
. ,%,i
g
4
s g28 N25 ¥
|oO E L L | !
= u | Y j22 .
L [ EX) ,
. MZO
“\\\E—_ WI.B
£
lLzs il s
bl
\
?; MICROCOPRY RESOLUTION TEST CHART
- NATIONAL BUREAU OF STANDARDS-1963-A '
[ )
IR ’ s




»  NAVAL POSTGRADUATE SCHOOL

Monterey, Galifornia

THESIS

e -
OPTIMIZATION OF THREE DIMENSIONAL COMBINED
TRUSS/FRAME STRUCTURES
by
Gregory L. Bender
October 1982
Thesis Advisor: G.N. Vanderplaatﬁ

Approvea Tor public release; distribution unlimited.

DTIC FILE copy

et Al B N POy _a

. L N . R .. - -
PPN Uy Sy G T SN S P PR NP

oot




SECUMTY CLASMPICATION OF THiS PAGE (When Dete Batered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
LA L LAETT ] 3. GOVT ACCESSION . RECIPIENT'S CATALOG NUMBER
Ap - nizd 7y
4. TITLE (and Subtitte) o S. TYPE OF REPORY § PEMOD COVERED

Engineer's Thesis

Ptimization of Three Dimensional Com-
. .jpined Truss/Frame Structures October 1982
6. PEAFONMNNG ONG. AEPORT NUNOER
'. m’lﬂﬁ'n 8. !ﬂ‘iz‘ O' 85“5 tu.ni!‘u

{Gregory L. Bender
TT——WTF-—T-TW .
PERFONMING NIZATION NaME AND ADDRE! Pt 2.0“-.0 l.\.‘lsuﬁv..zn.o.;. E‘T Task

Naval Postgraduate School
onterey, California 93940

11. CONTROLLING OPFICE NANE ANO AOORNESS T RGRORT BATE
maval Postgraduate School October 1982
graduate Schoo e
onterey, California 93940 'hgigmetn oF Paaes
TYSWING A waul & ADDR T ——y— fimg Offios) | 0. SRCUMITY CLASE. (of ie ripors)
Unclassified

™ ASSIFICATION SHNGRAD!
wEouLE GRADInG

i Te. GIETMBUTION STATEMENT (ol thie Repors)
. |Approved for public release; distribution unlimited.

17. DISTRIGUTION STATEMENT (of the abaiveat antored In Block 20, Il differen: fam Reper)

Pers—————————————
10. SUPPLEMENTARY NOTES

TR EY UORDS (Contines on roveves si8e If Rosesoary and (Gontily Sy bioek Rumber)
Optimization, Structural Optimization, Design Optimization, Mast Design,
Mast Optimization, Frame Structure Optimization

TRACT (Continue an roveree side i nocsseary and idoniily by blesk munber)
A finite element code is developed for analysis and design
of three dimensional truss and frame structures. Structures

. are designed for minimum weight subject to constraints on:

placements and system natural frequencies. Structures are
optimized with respect to member size and structure configuration.
The finite element code may be used for analysis only, or

may be cougled to an oBtimizer of the user's choice. The — -

FORM 1473  €DITION OF 1 NOV 68 18 OBEOLATE

' JAN 7S
$/% 0102-014° 4401 | seumTY S ABMPICATION OF Tuid Paal rWhen Dere Bnrered)

member stresses, Euler buckling, shell buckling, joint dis- ﬁt”

t

i

i
f

TR A L T T S I P .- PN . .. R J
L a

A A iy S .- DI et
MR AL S e U W N S T T S S T R P VR I W . ST T A




T td s Mt ERt R i S Br-Sh et S - A i et e ey v LW ¥ W N T
"~ e e it sy > ey RS S i Y LA e LR TR T g e e e

N N N N T A TS AR A

s S
..u-vvv :igvsaﬂg OF Yt O oGArtagn Roce Snsennd- ﬁ

}7displacement method is used for static analysis, and struc-
ture natural frequencies are calculated via the sub-space
iteration method.

Flexibility is provided for expansion to other than
tubular frame elements, and provisions are made for the
future growth to panel and other types of structural
elements.

Documentation is provided to facilitate use of the code.
A User's manual is presented with examples and results. An
explanation of how this code may be coupled to an optimizer
is also provided.

Accession For
NTIS GRA&I
DTIC TAB
Unanmoeunced
Justification

mm_¢

By.
Di;tlibution/

Avaiizbility Codes

r*ikﬂﬁrfvall and/or
Dist | Special

Al

5

rd

[

-

..

L'.

E

N

;'.

£

N

:"' W—
1 no orm, 147 2

- S S A

M 'M.nu-uol SECUMPY CLASNPICATION 0F TS PAGRIMan Dare Bntored)
;T'W*’*ﬂ’:v.“z B D R A sl WA SN SO S |




________

Approved for public release; distribution unlimited.

Optimization of Three Dimensional Combined
Truss/Frame Structures

by

Gregory L. Bender
Lieutenant, United States Navy
B.S.Nuc.Eng., North Carolina State University, 1974

Submitted in partial fulfillment of the
requirements for the degrees of

MASTER OF SCIENCE IN MECHANICAL ENGINEERING
AND
MECHANICAL ENGINEER

from the

NAVAL POSTGRADUATE SCHOOL
October 1982

v MR

Approved by: AJ‘f&e¢,“~2f“ VA 474u—r(£ -

) Thes.s Advisor
Q’ 'Z;a (e 4.1‘2‘-—&:{' -
e econd Reader

echanical Engineering

Dean of Science and Engineering

..................




LI AN A S I A S TN Sl g M R s e A P S CER eI e e APt igiratede~Rch eIt ennd et AEnte E-nli MVE A S S S Dl T At )

ABSTRACT

A finite element code is developed for analysis and
design of three dimensional truss and frame structures.
Structures are designed for minimum weight subject to
constraints on: member stresses, Euler buckling, shell
buckling, joint displacements and system natural fre-
quencies. Structures are optimized with respect to member
size and structure configuration.

The finite element code may be used for analysis only,
or may be coupled to an optimizer of the user's choice.
The displacement method is used for static analysis, and
structure natural frequencies are calculated via the sub-
space iteration method.

Flexibility is provided for expansion to other than
tubular frame elements, and provisions are made for the
future growth to panel and other types of structural
elements.

Documentation is provided to facilitate use of the
code. A User's manual is presented with examples and re-

sults. An explanation of how this code may be coupled to

an optimizer is also provided.
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| I. INTRODUCTION

The task of the Engineer is to provide the best solution
i to the customer's problem. Usually the "best" solution is

the one that does the job with an adequate margin of safety,
is aesthetically pleasing, and is economically feasible.
The solution may be reached through various means, but effi-
cient use of design tools, as well as efficient use of
materials is important since both add to the overall cost of
the product. Design optimization is one method that can be
used to maximize the efficiency of a structure by minimizing
its weight and, presumably, cost.

) Optimization of structures has had continuing changes
since its development in the early 1960's with an active

area of research being elastic structures. The main goal is

to design structural systems that efficiently perform speci-

fied purposes. Since most physical structures can be

3 tei e,

T
LN

iy e

modeled by the finite element method, a computer program

E can be written to perform the necessary calculations to

%_ solve the problem.

? The purpose of this research was to develop a finite

i! element code that could be used to analyze a combined truss/
é; frame structure and could be easily coupled to an optimizer;
E{ thus providing a useful tool for designing such structures
L

. Ve T
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as, for example, ships' masts. This code expands the pre-
vious work by Fitzgerald [Ref. 1] on truss structures to
the more general six degree-of-freedom truss/frame case.

The design problem considered in this study is the opti-
mization of three-dimensional statically indeterminant com-
bined truss-frame structures under varying load conditions
and subject to a variety of constraints. The objective is
to minimize the weight of the structure where the design
variables are member sizes and joint coordinates. Constraints
include: maximum normal stress; maximum joint displacements;
minimum structure natural frequencies; Euler buckling; and
in the case of the tubular frame elements, local or shell
buckling.

In the present code, all gradient information is calcu-
lated by the finite difference method. Modification of the
code to permit calculation of gradients analytically has
been identified as a necessary future extension.

This document describes the use and capabilities of the
finite element computer code to be coupled to an optimizer.
The user's manual presented in Chapter V contains a simple
design example in which the program is coupled to the CONMIN
optimization code [Ref. 2]. Additionally, guidelines for

coupling the code to an optimizer of the user's choice are

presented.
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Several examples demonstrating the program under a
variety of conditions are presented. Conclusions and recom-

mendations for future work are given.
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ITI. ANALYSIS

A. INTRODUCTION

When the finite element method of analysis is used to
design optimization, two objectives must be kept in mind.
First, the number of analyses for the structure should be
kept to a minimum. Second, the amount of gradient informa-
tion required during the design process should be minimized
to shorten run times and minimize computer storage

requirements.

B. STATIC ANALYSIS

Initial formulation of the problem must include approxi-
mate member areas in the case of truss elements, and for
frame elements, characteristic dimensions (for tubular members:
mean diameter and wall thickness); material properties (which
may be different for each member); a set or sets of external
loads; any non-structural attached masses; and specified
joint support conditions.

The analysis for the stresses and deflections at the
joints must satisfy the conditions of equilibrium of forces
at the nodes and geometric conditions of compatibility of
deformation. In this analysis the structure is assumed to
behave in a linearly elastic fashion. The weight of an

individual member is not inherently included as part of the

14
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specified load conditions; but, as an option, half of the
weight of each member may be applied at the member's end-
points as an additional load in the negative Y-direction.

For this analysis, the following assumptions are made:
truss and frame members are treated as discrete entities;
truss elements have three translational degrees of freedom
at each ncde and are treated as pin-connected; frame elements
have three translational and three rotational degrees of
freedom at each node and are treated as fixed-fixed beams;
and loads and reactions are applied at the joints as shcwn
in Figure 2.1.

The Displacement (Stiffness) method for finite element
analysis [Ref. 3] is utilized where

Ku = [ (3.1)

and where K is the global stiffness matrix, [ is the vector
or vectors of applied loads, and y is the vector or vectors
of displacements. The method used herein is an extension of
that described by Felix and Vanderplaats [Ref. 4]. By
applying the constitutive stress-displacement relationships,

stresses in the elements may be recovered.

C. DYNAMIC ANALYSIS
When constraints on the system's natural frequencies
are to be considered, the design process requires the solu-

tion of an eigenvalue problem. The sub-space iteration

18
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method of Bathe and Wilson [Ref. 5] is used to solve for the
desired number of lowest eigenvalues and the associated
eigenvectors. This method is reasonably efficient for a
small number of lowest frequencies for a large problem, and
is well suited for re-analysis when small changes are made

in the design.

? D. GRADIENTS

u Gradients are currently calculated with respect to member
sizes and coordinates only by finite difference techniques.
Inclusion of the capability to calculate gradients analytic-

ally is identified as a needed extension to this work.

17
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IITI. OPTIMIZATION

A. INTRODUCTION

The primary objective of structural optimization is to
design systems that efficiently perform specified purposes.
Selection of a specific optimizing algorithm must take into
account the following: 1) the structure should be analyzed
as few times as possible; 2) the algorithm should minimize
the amount of gradient information required; 3) the algorithm
should provide reasonable assurance that an optimum or near-

optimum design will be reached.

B. GENERAL FORMULATION
The general statement of inequality constrained minimiza-

tion is as follows:

Minimize
F(X) (4.1)
Subject to:
Gj(X) < 0 j=1,m (4.2)
x% < %, < X% i=z1l,n (4.3)
i—-"1-"1 ?

where F(X) is the objective function to be minimized. The
functions Gj(x) are the set of inequality constraints to

be met. The vector ¥ contains the design variables.

18
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The inequality constraints, Gj(g) <0 j=1,m, must be
satisfied for the design to be accepted as feasible. Side
constraints, xg and xg, are lower and upper bounds on the
design variables. The objective function must be minimized
as much as possible while still satisfying all inequality
constraints. In the case that it is not possible to satisfy
all constraints, the most nearly feasible solution must be
found. Felix and Vanderplaats [Ref. 4] is an excellent

source for the basic structural design formulation.

C. DESIGN VARIABLES
The vector X contains the design variables; in this case,
member characteristic dimensions for frame elements, cross-
sectional areas for truss elements, and spacial coordinates
of the joints. The user may elect to optimize the structure
weight with respect to any combination of the above variables. J
For truss elements, where normal stress is dependent only
upon the magnitude of the cross-sectional area of an element
and not the distribution of that area, it is sufficient to
use the area as the design variable as long as the Euler
buckling stress can be related to the cross-sectional area.
For frame elements where stresses are dependent on area

distribution, more flexibility is allowed by varying two

characteristic dimensions and allowing the code to calculate

L the section properties from these.

- 19
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In the case of tubular elements, the characteristic
dimensions are mean diameter and wall thickness; from which
area, bending and polar moments, and maximum radial dimen-
sions are generated.

The éptimum geometry problem requires that the joint
coordinates be design variables. The x, y, and z coordinates
of a joint are treated as separate design variables.

In many cases it is desirable to link a set of design
variable together to preserve symmetry, limit the number of
variables to be solved, or to limit the number of unique
elements to be manufactured. The code has provisions for
design variable linking by which two or more variables may

be linked in equality or some fixed ratio.

D. OBJECTIVE FUNCTION
The objective function under consideration is weight

NE
F(X) = T  p:A.L, (4.4)

i=1 iivi

where p, is the weight density (in consistent units) of the
material of the ith element, A, is the cross-section area
of the ith element, and L; is the length of the ith element

and NE is the number of elements in the structure.

E. CONSTRAINTS
This code is designed to accommodate constraints on maxi-

mum normal stress, Euler buckling, local or shell buckling,

20
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maximum joint displacements, and minimum natural frequencies
of the structure. All constraint values are normalized.
1. Stress:

For truss elements, maximum normal stress Oy is
calculated directly from the element tensile forces. For
frame elements; tensile stress Op » maximum bending and
shear stresses 0p and Jp are calculated. Maximum and

minimum normal stresses are

- . 2 2
O ax - Max magnitude of g, * VQOA + 4on") (4.5)
2
a = min magnitude of ¢, + VQO ¢ + 40 2) (4.6)
min g A< A T .
2

The upper and lower bounds on stress may be different for

vy orw
LR RN

each member, but are taken to be the same for every loading
condition.

2. Local or Thin Shell Buckling

The stress at which local or thin shell buckling

G

f! occurs is given by:

-

L

s gy, = O-4E; (4.7)
__\ 1l r—-——.—

"

< where the subscript i corresponds to the member number, E;
Qz is Young's modulus, Dm is the element's mean diameter, and
? i

rg t; is the element's wall thickness.
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F. DESIGN VARIABLE BOUNDS
Side constraints are imposed on the design variables
as:
L u

cp; < CD; < CD; (4.8)

CD is the characteristic dimension and CD? and CD? are

the minimum and maximum allowable characteristic dimensions
of the ith element, and are taken to be the same for all
load cases. If, as is the case in a tubular element, geo-
metry dictates that some relationship between the design
variables cannot be exceeded, i.e., thickness cannot exceed
the mean diameter, the user must arrange the bounds to pre-

clude such an occurrence.

G. OPTIMUM GEOMETRY
Joint coordinates are treated as design variables with
a separate design variable for each coordinate direction

of a node. Coordinate design variables may also be linked.

22
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IV. PROGRAM FEATURES

A. INTRODUCTION

Computer codes each have their own features and formats
with which the user must become familiar if he is to use
the code easily and efficiently. The SADX code developed
in the course of this research has been designed with
various options which are explained in this chapter.
Chapter V contains a User's Manual with sample data for a
typical problem that might be solved with this code: a
truss-braced cantilever beam. This problem along with
other numerical examples will be presented in detail with
results in Chapter VI.

The SADX code was written to be used as a stand alone
analysis program or as an analysis code that could be easily
be coupled to an optimizer (of the user's choice) through

simple modifications to the main driver program.

B. TFEATURES

When the user supplies member areas, section types,
characteristic dimensions, material data, connectivities
and joint coordinates, along with a set of program control
parameters; the analysis mode will calculate the weight of
the structure. The addition of one or more se*s of loading

parameters will result in the calculation of resultant joint
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displacements, member stresses, and/or forces for each load

case along with the desired number of structure natural
frequencies and modes. Design variables may be chosen as
truss element areas, frame element characteristic dimen-
sions, and joint coordinates. When coupléd to an optimizer,
the code will minimize the weight of the structure and print
the final optimization information. The code is designed to
be as simple to use as possible while retaining the flexi-
bility for use on a variety of problems.

The code's modular construction allows the user to use
frame element cross-sections other than tubular elements.
This is done by reading in two characteristic dimensions for
each frame element along with a section type identifier.
Subroutine SADX85 is called to calculate the section proper-
ties, area, maximum radial dimensions, and bending and polar
moments of inertia. The user may augment this subroutine to
calculate section properties for whatever section type he
may choose to work with.

Many computer codes require the definition of an auxil-
iary node to orient the principle axis of a non-axially
symmetric element. In this code it is assumed that the
element's local z-axis is parallel to the global x-z plane.

Pseudo-dynamic storage is used to allow storage of most
data in one integer and one real array for more efficient

use of storage.
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Various print control options are available to tailor
the printed output to match the user's desires.

Design variable linking is available to allow elements
and joints to be grouped to maintain symmetry, limit the
number of independent design variables, or reduce the
variety of member sizes generated.

Optimization may be performed with respect to member
size, with respect to structure geometry, or with respect to
both.

Structures may be comprised of truss elements, frame
elements, or a mix of the two types.

Structures may be optimized for multiple load cases with
constraints imposed upon any combination of maximum normal
stress, maximum joint displacements and rotations, Euler
and lécal buckling, and a specified number of minimum natural
frequencies in free vibration. Separate displacement con-
straints may be imposed for each load case. Both consis-
tent and lumped mass options are coded. Either forces or
stresses or both can be output. The user may decide whether
to include the structure's weight and the fixed masses as

loads applied to the structure.

C. EXAMPLE
The following example of the truss-braced cantilever
beam presented in Tables (I-V) demonstrates some of the

options available in the code.
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TABLE II

EXAMPLE 1: JOINT COORDINATE AND MEMBER INPUT DATA

JCINT CCCROINATES
JCINT b Y ) 4
% COQ0E+03 8 8
2 (c Eo g

S000E+0 2

L

IGN VlRIABLES
E MULTIPLIER

CCORDIN

P S o0
EXmMm OOND
[NV lalalal VY 7Y

»m ;
Or+OO0 e QOOQ.O

T

a
NS UWNI= e

2
OMAOMAMXCND
00000 X

ELEMENT INFOFPATICN FCR £AR ELEMENTS
ELEMENT-~JOINT RELATIONSHIPS

LAC NODE1l NODE2 MATL DOVARL AREA LENGT H
1 4 1 1 Q. 3000E+C1 0, 1803 5 +03
e 5 1 2 063000E+01 0.1118E+03

ELEMENT INFORFATICN FCR FRAME ELEMENTS
ELEMENT=JOINT RELATICASHIPS ELEVMENT PROPERTIES

ELEMENT ANUMBEF
NCDEL RODEZ MATL 1ST gESVAR 2ND DESVAR

1

AREA o TH Z=MOMENT :,ET IMAX YMAX
0.157E+(2 0.100:00’ 0.511E+02 0.511 2 0.,300E+01 0.,300E+l
ELEMENT NUMBEF '
NC%EI NO%EZ FATL IST gESVAR 2ND CESVAR

AREA Z=MOMENT Y—HOH ZWaX YMAX
0.157E+(C2 0.1C0€¢03 C.511E+Q2 O-5IIE+02 0.300E+01 Q.300€+]

27




p 7.),’ 1;1,3.',"7 T T
N | . wen e KA R
PR T KR K

...................
""""""""""""""""""

) oAt R AR A ¢ v

, ‘ """"".’;i"""' A
. P N IR S P
L. s R

R

AR EIR AN A SR aoas. g s T —— -

TABLE III
EXAMPLE 1: SAMPLE DISPLACEMENT AND FORCE/STRESS OUTPUT

8o CF 10D ELEPENTS o ?

u‘m 340 con 1lﬂ!l.l:’:::c:. e :.: s“g.og
LT ““l““ '“3‘.;‘?13“ s -§ sh
. WCe OF FRANE ILONENIS = 2
ILERERT LOAS CORE NCOF TRMSTRTMES™CY INCPTOMNE® TROIRTONST TOLLENL WYY 2U0IMG INENT LSS NEIEV (Tl
3 i 17 B 1S e 1o 'o 1241 41 S 74 AR LRBEN T }305 3
3 H DTS o3t e - B34 141 SR R P 1o N 54 Lisuenegd  cHRBEg ~3 113 3¢
FLERERT LOAC CORD hcC® TENZIRTaES™C® TR oTais® INT2%0TR6S TERALPCONTET R000%6 aTrET RERDIM It svﬁss
H i D 11 e S R bt S D3 v 7 S ERREG 054 e
: H fin B3t L 11 e} QR 30 1 34~ b t1: 1t PRI+ Lt -&"m'ﬁf
ticeRvaEs dnc nm.v Crens
. dinseror ooy '
ﬁ;g"eﬂﬁ-: gl ;;‘Er !l;wu

Hoen Hlon

LOAC CCADITION 1
a1 PLICENSNTS CEGREE CF FRE
; Y- stt‘f -3??’1. RCT ABT X sﬂ'l’ ART ¥ ROT a8Y 2 T ASY 2

H
]

-Gfcse-02 -°:§~, -0z -39 0.0
é ~g.105¢- et B I3 4 1 TeREB &S So4268-03 :g;g Je-0¢ %g&uts‘
: 2t &8 3:2 g9 33 9.2
¢ * bd 0.0

L
LCAC CCMDITICH 2

SI§PLACERENTS CEGREE GF FAE
a;v X=C1 E:E SE 0-5 SPL §ov AST x  ROT ABT Y  ROT aBT ? T ST 2
.‘zes-o’ -0e3716~0 -oiga - - M .
3 -g:% 26603 -g:idf:of -3:0025-3; as9 3.:535-« 32?:;5333 . 223238:83
S G 58 0.0 . 83 38 :é
28

T YTy




T v

TABLE IV

SAMPLE CONSTRAINT OUTPUT INFORMATION

EXAMPLE 1:

2 AND STOP AT NUMBER S

GISPLACEMENT CCNSTRAINTS START AT NUMBER

CCNSTRAINT

TRUSS EMENT_STRESS
g#bk% AT NUMBER 6 ANO STSP AT NUMBER 17

P AT NUMBER 41

THE NUPBER CF CONSTFAINTS NCTOT =

41

O QrtmipdOQrtoit g mt
O00OVOOOQ0
L2 odh A AR A
VALUIIMNRULLIYSUNL
VW~ D OINDONO O

OO 4 e U ot A =t
900000000
e

Orirt QU OO Q e
OVOO0VOLVLOV
P44 494 0

T OJOOPOUND
o 3 OFONO
U=t DM INNI-UWND
WOOMNI-09O
Vet D~ NG 4
X EE AR REX)
AR EE NN

O Qi r et Oty O
[elalelaldleoldleTele ]
LA AR ERE X S
DADTHTHTHM I MTHTY T
NV RPN T T et D
N OV o T ot O
OUVW N U
et O QDB Ve gy U
OWW O NN U
Y e e U
o0 0000 0 0 0

Nt QO OO OO
WOV IWVIY
A AR AARARR DA
W unuu/Uw g
NFON O rirdt OV £

WF A e Y O U e
U OO W ANWHASY
LAV O T U
00000 0QCOPQTS
terr sy

=8N O e -V N -l
NNV

29




A s )
oLl
. .

"'
G
A

B AN LR 2 g e
P
ot

.‘I

L IR Caaam C N - w e . A Y e e SO

TABLE V
EXAMPLE 1: FINAL OPTIMIZATION INFORMATION

FINAL OPTIPIZATICN INFCRMATION
oeJ = «SETSCIECI

BECIS ABLES (X~
%; E. Ce 849

a
o
[~ ]

=

.Y
m
+

(2]
in)
>
7]
mMn
<
m
w

73

-

T
&

100
N-d4d o® e 0o

e 0o o 000 §
O BT Py
BACURMN I MNd e
miInmmomnm
=0 paP\Dpms ot D et o
e OONRO,rGrG
Bm OOUInWe |
OOO®rePWNC
O Cor=vwaom N<
[ BEENEN]
[=]eletoYoToTo)
EEREEENE]
mmmmimmm
444444
OH00NVOO

WD GHOAOAN

o=im
=

1 e ) e o
]
©
.
-y

P OAHLNOOP> V0
mH 00000

=B OHNONNIFH®D= srmIT
ZM O UBEMT W

-d
& &323338% 6$E

V= =AW~

AT weowsowe

et OO OMNT N
]

m»
>t

CNSTRAINTS

xm
®
m

THEFE ARE 0 VICLATED CONSTRAINTS
THERE ARE O ACTIVE SIDE CONSTRAINTS

TERMINATICN CF}TERION
ARS(CBJ( 11-CBJI(I~1)) LESS THAN OABFUN F(R 3 ITERATIONS

NLMBER OF ITERATICAS = 12

CEJECTIVE FUNCTION WAS EVALUATED 114 TIMES
CCASTRAINT FUNCTICNS wERE EVALUATED 114 TINMES
THIS RUN FECUIREC 116 STRUCTURAL ANALYSES

NUMESR OF SECCNCS REQUIRED FOR EXECUTION = 2,79

HE!CHT OF STRUCTURE GIVEN AREAS & LENGTHS
WEICH Q«5E7S1E+

CIAL EIGHT IhCLUCING EIXED_MASSES
CTAL WEIGHT= C. 83751E+03
C1

M COCFDINATES

0.0 0.0
(]

Q.0
0.0 0.84259E+02
0.0

b
T
Jd
JCINT

WS LN
QO
..
[ o
an
[=T=]
o
[=1-1
mm
+e
(ala)
wid

9.4
0
a8
0 < 65432E+02
ELEMENT INFCRMATICN FOR BAR ELEMENTS
ELEMENT=JCINT RELAT!ONSH!PS
ELEMENT NODE 1 NOCE 2
‘ 0.3481 ®
5 0+ 8495E+0 .
ELEMENT IAFCRMATICN FOR FRAME ELEMENT
ELEFENT=JCINT RELATICNSHIPS

Lo werEL Negez  ane CENGTH €
i b 4 o.igizgi 1000€+83 3

¢¢c

30

[T T Y-
1
o
[ )
O 00O Orere
VMONOO~
= AMDN mets)

3000 e Hinie JAa s Mtk v atin ot

0s 48389E 401 0.21898E+00 0.15576E+00

. B LIRS .
[ SO P S S A




''''''

V. USER GUIDE

A. INTRODUCTION

In developing any computer code for engineering analysis,
it is necessary to additionally develop concise, easily
understood documentation. This SADX USER'S GUIDE is written
to be easily understood by the user having only minimal know-
ledge of the FORTRAN language. The format follows that of
the optimization code, COPES/CONMIN [Ref. 2].

This chapter is devoted to acquainting the user with the

code and necessary input data.

B. DESIGN EXAMPLE

The simple example of a four-element combined truss/frame
structure is used to demonstrate some of the features of the
SADX program.

The structure is shown in Figure 5.1, and consists of
two tubular frame elements along the x-axis with two truss
braces to the y and z axes from the joint between the frame
elements. A non-structural fixed mass is attached at the
outboard end of the second frame element where two loads are

applied.

C. SADX DATA
The SADX program reads data from unit 5 and writes out-

put on unit 6. Units 30 and 40 are used as scratch files.
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The scratch file numbers may be changed by changing two cards
at the beginning of subroutine SADX0l. The SADX program has
the capability to read unformatted data. The following sec-
tions define the data which is required by SADX. The data
is segmented into "BLOCKS" for convenience. \
SADX data begins with a TITLE card and ends with a END
card. Comment cards may be inserted anywhere in the SADX
data stack prior to the END card, and are identified by a
dollar sign ($) in column 1. Data may be of either the
"I10"™ or "F10.0" type or may be free-format separated by
commas with no imbedded blanks. Lines of formatted and
unformatted data may be intermixed.

1. Formatted Data

Formats are of "I10" and "F10.0" type. "I" formats
must be right justified, and "F" formats must have the deci-
mal point. The number of cards read per data block is listed
at the bottom of each block.

2. Unformatted Data

While the USER'S MANUAL data sheet defines SADX data
in formatted fields of ten, the data may actually be read in
a simplified fashion by separating data by commas or one or
more blanks. If more than one number is contained on an un-
formatted data card, a comma must appear somewhere cn the card.
If exponential numbers such as 2.5+10 are read on an unfor-
matted card, there must be no imbedded blanks. Unformatted
cards may be intermingled with formatted cards. Real numbers
on an unformatted card must have a decimal point.
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EXAMPLES
Unformatted data
5,7,3.2,1.3+46,-5,2
Eguivalent formatted data

col 10 20 30 40 50 60 70 80

5 7 3.2 1.3+6 -5 0 2
Unformatted data
2
2,3
2 3

Equivalent formatted data

col 10 20 30 49 50 60 70 80

N 2 3

- NOTE: The third line of data contains no commas and is

therefore assumed to be already formatted.

Placement of more than eight unformatted data on a
card will create two (or more) formatted cards as required.
Fields of zeros will be created if more data are required

than are filled on an unformatted card.

D. CONSTRAINTS

Constraints are calculated and stored in the G vector
as listed in the following chart. The total number of
constraints

NCON=NFREQ+2*NDSPLC+NLC*(2#*NEB + 4*NEF + NEB + 2*NEF)

freq displ stress stress buckl buckl
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- Where NCON is the total number of constraints, NFREQ is the

number of frequency constraints, NDSPLC is the number of
displacement constraints, NLC is the number of load cases
imposed, NEB is the number of bar or truss elements, and NEF
is the number of frame elements. When any of the constraints
are missing from the G vector, all constraints are moved up
in the vector. For example, if there is no frequency con-

straint, then a displacement constraint would fill the first

location of the G vector.
CONSTRAINTS ARE STORED IN THE G VECTOR IN
'ﬁ THE FOLLOWING ORDER:

NFREQ FREQUENCY CONSTRAINTS

2*NDSPLC JOINT DISPLACEMENT CONSTRAINTS
STRESS CONSTRAINTS ARE STORED ELEMENT BY ELEMENT
FOR A GIVEN ELEMENT CONSTRAINTS ARE STORED BY LOAD CASE
FOR A GIVEN TRUSS ELEMENT AND LOAD CASE,
CONSTRAINTS ARE STORED:
TENSILE STRESS LOWER LIMIT
TENSILE STRESS UPPER LIMIT
EULER BUCKLING 3STRESS LIMIT (IF APPLICABLE)

FOR A GIVEN FRAME ELEMENT AND LOAD CASE,
CONSTRAINTS ARE STORED:

KR 2 LR TN -

NORMAL STRESS AT LOW NODE LOWER LIMIT
: NORMAL STRESS AT LOW NODE UPPER LIMIT
% NORMAL STRESS AT HIGH NODE LOWER LIMIT
g 35




NORMAL STRESS AT HIGH NODE UPPER LIMIT
EULER BUCKLING STRESS LIMIT (IF APPLICABLE)
LOCAL BUCKLING STRESS LIMIT (IF APPLICABLE)

EXAMPLE

The initial configuration of the braced cantilever beam
is shown in Figure 5.1 Stress constraints are imposed as
well as constraints on Euler and local buckling, displace-
ment, and first fundamental frequency. A non-structural
fixed mass is applied at the tip of the beam, and two load
conditions (Pl, and P2) are imposed. The structure's own
weight will be considered as an imposed load as will be the
fixed mass.

The linking of design variables is demonstrated by link-
ing the mean diameters of the two frame members (D1, and
D2 with D1=D2). Member size variables are: truss member
areas (Al, and A2), frame member mean diameters (D1, and
D2), and frame member thicknesses (Tl, and T2). Member
sizing DESIGN VARIABLES are: XA(1l)=Al, XA(2)=A2, XA(3)=D1l=D2,
XA(4)=T1l, XA(5)=T2.

Geometry variables are the attachment points (joints U4
and 5) of the two truss members on the y and z axes (Y4 ,Z5).
Ccordinate DESIGN VARIABLES are: XC(1l)=Y4 and XC(2)zZ5. The
structure's weight is then optimized with respect to member
sizes and structure gecmetry for a total of seven design

variables.
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1. Properties/Conditions

Two material types are used: type 1, aluminum, is
used for the truss members; and type 2, steel, is used for
the frame members. The weight densities of the materials
(p) are:

0.1 1b/in°

type 1
type 2 = 0.3 1b/in°

The Young's moduli of the materials (E) are:

type 1 E 10.0E+€ psi

type 2 E = 29.0E+6 psi
The non-structural fixed mass attached at the tip of the
structure weights 250 1b. The applied loads are:

Pl 1000.0 1b in the +y direction

P2 1000.0 1b in the -z direction

The acceptable maximum normal stresses are:

type 1 -25000 psi < Cmax < 25000 psi
type 2 -36000 psi < o < 36000 psi

max

Displacement limits, imposed upon joint number 3 (the tip)
for each load case in the direction of loading, are:
load case 1 y-direction +/- 3.0 in.
load case 2 z-direction +/- 3.5 in.
Bounds, placed on the positions of joints 4 and 5 along the
y and z axes, are:
joint 4 y-coordinate 0.0 inches to 200.0 inches
joint 5 z-coordinate 0.0 inches to 100.0 inches
The minimum natural frequency of the structuré is constrained

to be greater than lHz.
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ff 2. Input Control Parameters
!! The following input control parameters are given

for ease of following the example:

NEB=2 NEF=2 NJ=5 NCJ=3

3 NMT=2 IDVCLC=2 NDJ=2 NEUBC=1
LBUCK=1 NFREQ=1 NFMASS=1 NEIG=1
NEIG1=2 NPRI=0 NLC=2 NDSPLC=2
NSTRES=2 NSTW=1 NFMW=1

Table VI is a listing of commonly used nomenclature.

The following USER'S MANUAL is divided into blocks
A through P. Appearing directly below each data field line
are the parameters for the TRUSS-BRACED CANTILEVER BEAM
example. It is important to note that the user may choose

. any consistent system of units.
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Forma* and Example

TITLZE

h

-

y I

DATA BLOCK A
DESCRIPTION: Title Card

FORMAT |

[¥ TRUSS-BRACED CANTILEVER BEAM

20A4

FIELD CONTENIS

LINE

1 ANY 80 CHARACTER TITLE M¥AY BE GIVEN ON THIS

ul




ru — —
DAIA BLOCK B
DESCRIPTION: Control Parameters

F FPormat and Exaapls
-
3
;‘ NEB | NEF | NJ NCJ | NMT JIDVCLC] NDJ JFORMAT
g 7110
1 1 1
2 2 5 I 3 | 2 2 2
' S ; y WS
NEUBCLBUCK] NPREQ] NFMASS [NEIG |NEIG1]NPRI |forma:
7110
_ -
1 1 1 1 r"T"I"E"""E':]
[ SLC INDSPLCINSTRESJNSTW JONFHW FORMAT
5110
2 2 2 1 1

=

- NOTE: DEPINITIONS OF PROGRAN INPUT CONTROL
e FARAMETERS ARE LISTED ON NEXT PAGE

!
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Co SUAEL aaduh s

A N F W N o

CONTENT

FIRST CARD
NEB-rumber of bar e2lements
NEP-number of frame elemesncts
NJ-number of joints
NCI-number of corstrained joints
NMT-number of seperate matexial *ypas
IDVCLC~-design variable control parameter
If (IDVCLC.EQ.1) NDV=NDVARA1
optimizes wrt member siza only
If (IDVCLC.EQ.2) NDV=NDVAR1+ NDVAR2
op*imizes wrt member size and geometry
If (IDVCLC.EQ.3) NDV=NDVAR2
op=imizes wrt geometry only
NDJ-total linked and design variable join-=s
(i.e. number cf 'movable' joints)

SECOND CARD
NEUBC-Eul=ar backling constraint ideatifier
If (NEURC.YE.Q) EULER buckling constzaints
will be imposed on bar elzaants
LBUCK~local buckling constraint ideatifier
I£ (LBUCK.NE. 0) local buckling constraints
will be impo>sed on =ubular €frame 2l3men*s
NPREQ-number of £requency cons*raints
NFMASS-numbar of fixed masses a+*achad -o
structure
NEIG-number of precis2 2i{genvalues <>
be avalua%ad

43




r—rt=

T

PEL ML SUN Sutl et telas

NEIG1-number of eigenvalues +t0 be 2valuat=d
DEPAULT=min. of (2#*NEIG , NEIG+S)
NPR1-print control identifier
NPR1.ne.0 input info not+t prirnted
NPR1.eq.5 RA/IA/LOCR/LJCI arrays
will ke printed for debugging

THIRD CARD

NLC-znumber of lcad conditions
NDSPLC-number of displac2ment cors=rain:s
NSTRES-fcrce/strass print identifier

If (NSTRES.EQ.0) stressss are printa2d

If (NSTRES.EQ.1) forces are printad

If (NSTRES.EQ.2) both ars printed
NSTW-structure wveight idesntifier

If (NSTW.NE.0) the structure's weigh+ is

considered as loads

NFPMW-fixed mass weigh*t idenctifiar

If (NFMW.NE.O) the fixzd masses are

considered as loads

4y
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LMASS

Forma=*

DATA BLOCK C

DESCRIPTION: Dynamic Aralysis Information

and Example

GRAV JEPSEIG FORNAT
I10,2P10.0

I 0 386.4 0.0 I

CON TENTS

LMASS~-lumped mass option (if LMASS.NR.OQ)
the lumped mass matrix is used.

GRAV-acclera“ion due +o5 gravity
(defaul+=386. 4 inches/sec?)

EPSEIG-convarysnce +tolarance on eigsanvaiue
solu*icn. (d2fault=.0031)
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DATA BLOCK D
DESCRIPTION: Join+¢ Coordirates
Format and Example
JN ) Y Z FORMAT
I190,3FP10.0
1 0.0 ] 0.0 o.oJ
lr 2 ]100.0] 0.0 1 0.0 |
™3 [z200.0] 0,071 0.0 ]
| BIC 0.0 1150.0 o.ojl
5 0.0 0.0 J50.0
FIELD CONTENTS
1 JN=-joint coordiinate numbsar
2 {-x cocrdinaz=
3 Y-y coordina+e
[} 2~z coordinra+e
NOTE: Number of cards c221=NJ
e -




—
DATA BLOSK E

Omit %his block if NDJ=0 in BLOCK B
DESCRIBPIION: Coordinate Design Variable Linking Data

Format and Bxaaple

J¥N IX IY 12 pPCX PCY PCZ FORMAT

4410,3£10.0
ulo 1 0 J11.o0J] 1.0 1.0
+ 1
|5|o 0 2|1.oT1.o 1.o|

. FIELD CONTENIS

IX-design variable associated with x coord,
IY¥-desigr variable associa*ad with y coord.
IZ-design variable associated wi+th z cccri.

PCX-participation coeffician+ of x-coord.
PCY-participaticn coefficient of y-coozd.

o N FWN

PCZ-particivation coefficient c¢f z-coord.

ADAL D | SRR

) arhay

! NCTE: Number of cards r=2ai=%DJ
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DATA BLOCK F
Mater

DESCRIRTION

Forma* and Zxample

ial Prcperties

RHO ] SIGMIN

em—
SIGMAX

FORMAT

E KEULER] POTSSY
6F10.0
1.oz+7l 0.1 -25000.] 25000.] 2.2 0.27
I.9z+7l ~36000.] 36000.] 2.0 0. 27
EIELD CONTENTS

E-Young's Modulus

RHO~-material dsnsity

SIGMIN-ninimum allowable s+ress

stress

KEULER-2uler buckling cozfficient

1
2
3
u SIGMAX-maximum allowable
5
6

POISSN-Poisson's ratio

NOTE:

Number 5f cards r=2a4d=NMT

Yr Ty '—-7 bk
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DATA BLOCK G

Oomit +his block if NEB=0 in BLOCK B

DESCEIRTION: Bar Element Information

Forma* an

LNC |NODEN NODE2THATCOD NDSG1 A LSECTJFORNMAT

d Example

5110
£10,I110

1 r1 ra.o

|
5 1 Tz 3.0Lj

FIELD CONTENTS
LNO=-elsmen+t number

2 NODE1-global number associated wi-h the
element's 1st ncle

3 NODE2-global number assccia“ed wi+h the
elenent's 224 rnode

4 MATCOD-ma*erial +type of this element
¥DSG1-desiagn variabls nuamber associatesd with
“his element's area

6 A-pember cross-s=2ctional area

7 LSBECT-cross-ssction type identifier
LSECT.EQ.1 indicates a *ubular membar

NOTE: Number of cacis r=ad=VEB

m e e a'a e m m o+ ma m M s _m e A M e m = el e s = o m o m e
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DATA BLOCK H

Oomit this block if NBF=0 ir BLOCK B
DESCRIPTION: Prams Elemen< Informa*ion Format and
Example

LNO INODE1 NODEETHATCOD NDSG3JNDSGUJILSECTIFORMAT
2 4 1]

7110
{ ﬁ 1
—

{crarDIM1]CHARDINZ FORMAT
2F10
Ls.o T1.o |
2

3 2 ]_’3 5 1
[ 5.0 1.0
s

N
N

FIELD CONTENIS

1 LN¥O-element numbar

2 NODE1-global number associa%ed with tha
elesment's 1st node

3 NODE2-global aumber associzted wi%h the
elesment's 2nd rode

4 MATCOD-material “ypa2 of *his element

5 NDSG3-design variable number associazaed wizh
the element's 1st characteristic dimensicr

6 NDSG4~-design variable rnumbsr asscciated wi<h
the element'’s 2nd charactaristic iimersicn

7 LSECT~crcss~sec*icn type identifiar

LSECT.EQ.? indica“es a *ubular member:
NOTE: Number of cards read=NEP

T TR Y E o e Y TYiTy T,
[ Tam® T e
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DESCRIPTICON: Joint Constraint Information

Format an

4 Exaaple

l;au IX | IY | Iz | I1xx | 1YY | 1zz |FoRuAT|
7110
[ 1 1 1 1 1 1 1
I 2 0 ] 0 0 0 0 0 J
3 T T 0 0 0 J

&
-

T

r—-\ﬂ
wn

Im
&
94O E WD A
o

NCTE:

J¥-join* number
IX- x-displaczmen: constcaint identifier.
I¥- y-displacsment constraint identifier.
IZ- z-displaczment cons%raint identifier.
IXX- x-axis rotazion cons“rain% iden-=i
ITY- y-axis rotation constraint 3
I2Z- z-axis rota%ion cons*raint 2
if .NBE.0 - corresponding DOF cones=rained

Numter o€ cards read=NCJ
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DATA BLOCK J

Omit this

Format and Example

block if NLC=
DESCRIPTION: Joirt Lozding Irforma+ion

0 in

BLOCK

NLJ

FORHAT
I10

B.

FY

PZ

TX TY

TZ

FORMAT
I10,6F10

0 j1000.

0.0

-1000 .

0.0 J.90

0.0

~N N EW NN -

NOTE:

CONTENT

NLI-number of lcadzd joiats for =+

conditio
JN=-joint 1
PX

n
umbar

FY- Forces in +*he {,7,Z 1ire

FZ
TX

ctiorn

TY- Yomer ts abou* <he X,Y,Z axes

TZ

Number o0f cards rzad per s2t=NLJ

Numbar of

sSets

of cards ~ead=NLC

S

P T SO WU Y Y - b
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Omit this block if NFMASS=0 in BLOCK B

DESCRIPTION: Fixed Mass Information

Format and Exanmple

JN uass |

3 250.0 I

EIZLD CONTENIS
1 JN-join+ nuaber
2 MASS~-poin+ mass a+ join+ (JN)

NOTE: Number of cards read=NPMASS

in €o-ce uni+s
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omit this block

if IDVCLC=

DESCRIPTION: Design Variabls Informa<tion
(MEMBER SIZE VARIABLES)

Forma* and Example

X3 (1) XA (2) « « « « XA(NDVARY) FORMAT
8F10.0
Sh—
20.0 20.0 20.0 2.0 2.0
XAL (1) ] XAL(2) .« « « <XAL(NDVART) FORMAT
8F10.0
0.50 0.50 ’ 4.0 0.10 0.10
" ZAU ('] XAG(2) | . . . .KAU(NDVART) FORMAT
L 8F10.0
I 2s.0 35.0 25. 0 2.5 u.oj
EIELD CONTENIS |
{A-initial value of area design variabl:ss
XAL-lower bounds on area design variablss
XAU-upper bounds on area design vzariabl:ss
NOTE: read one value of XA, XAL, XAU £or each

indapendent member size variable Jefinad in
BLOCKS G and H

Nyumber of cards read =

as required




'

Cmit this block if IDVILC=1

(COORD INATE VARTASLES)

Format and Example

XcM] xc2 I - . . . XC(NDVAR2) FORMAT
8F10.90

|

150. 0 50.0
XCL() ] XCL(2) | . . . .ICL(NDVAR2) FORMAT
3F10.0
' 0.0 0.0 I

XCO() ] xcu(2) | . . . .XCU(NDVARZ) PORMAT
8F10.0

[200.0 l1oo.o

3 FIELD CONTENIS

E’ 1 XC-initial valu= ¢f coord. design variaples

: 2 XICL-lovwer bounds on c¢oord. desigrn variabl=zs

E- XCU-upper bounds on coord. design variabiss

[‘ NOTE: read one value of XC,XCL,XCU £or each

Fa Independent coorl. vaciable defined in BLOCK D

;7 Humber of caris read =as rzquired.

E‘. h

- SR S
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Bad

DATA BLOCK ¥

Format a2nd Bxample

LA e = YTV TS Y "H oo o. -
; A
o A MR ) e e
R stat st e ale s R . .

Omit this block if NDSPLZ=0 in BLOCK B

DESCRIPTION: Joint Displacement Constrainr+t Informa=icn

ORMAT

3 2 l ~3.) 3.0
3 [* 2 -3.5 3.5 ]
PIELD CONTENTS

JN=-join%+ numbsr

2 DIR-direc+ion
1=x,2=y,3=z jisplaczm=n+
4=x,5=y,6=z cotaticn
3 LC-load ccndi<ion
4 BL-lower bound on displac=zmant
5 BU-upper bcuni on displacement

NOTE: Number of cards rsad= NDSPLC

JN st 1 30 FOT
3110,2P10.90

56

P WP “ LI . PSR S Sy A - NP YU AP S WO NS ¥




SN A O

—~—y-
. e
O~ DR

T v
P

P

-
.

e
-
-

kinating S
-—

IR

Ao o

TP

DATA BLOC

0

=

Omit this block if NFREQ=0 in BLOCK B

DESCRIPTION: Frequency Constraint Informa+ion

Format and Example

PCH FC2 PC3 Jeeoees «FCN FORMAT

8F10.0

ira
a
ft
o

NOTE:

PC1- lower bournd on first natural frequerncy
constraint in 42. (cycles per second)

PCN- lower bound on NFREQ-+*h natural
frequency censtraint in Hz.

(cycles per second)

Nusber of cards rzad = as require
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I DAIA BLOCK P

DESCRIPIION: End card

Format and Example

B BERREAR ~ B

FORMAT
3a1

S~ RRtane

%

3

. NOTE: This card 4UST appear at the end of the

F 4 SADX data.

[ -

s

] m A
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VI. NUMERICAL EXAMPLES

A. INTRODUCTION

Design of three-dimensional truss and frame structures
are presented herein and the corresponding numerical results
are summarized to demonstrate the use of the SADX code.

The examples begin with the truss-braced cantiliver

beam.

B. EXAMPLE 1: TRUSS-BRACED CANTILIVER BEAM

The simple truss-braced cantiliver beam, as shown in
Figure 6.1, has been previously used for the SADX USER's
MANUAL example. It consists of two steel tubular frane
members with & common outer diameter and different wall
thicknesses arranged as a cantilever beam along the X-axis.
There is a fixed 250 pound mass at the tip of the beam.
Two aluminum truss members are attached from the beam mid-
point to points on the Y and Z axes. This structure is
designed for optimum member size and geometry under a set
of two load conditions and subject to constraints on maximum
stress, maximum joint displacement, Euler and lccal buckling,
and minimum structure natural frequencies. The weight of
the non-structural fixed mass and the structure's own weight
are imposed as loads. There are five member size and two

coordinate design variables, and a total of 4l constraints.

59

DI I . L Lo A - e L PP Y . " - . i Aneditemdinandin




YA

ORIGINAL

OPTIMUM

| Pl

T

P2

Figure 6.1 TRUSS~BRACED CANTILEVER BEAM
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The number of analyses required for this design is 116 using
;] 2.75 seconds of CPU time and terminating on the 12th itera-
tion. Of the analyses conducted, 84 were required for the

calculation of gradients. The weight of the structure,

including non-structural fixed masses, is reduced from 9542

pounds to 838 pounds. Results are given in Table VII.

C. EXAMPLE 2: TWO-TIER 3-D PORTAL FRAME WITH TRUSS X-BRACES
The two-tier three-dimensional portal frame with truss
member diagonal braces, as shown in Figure 6.2, is a symme-
tric moderately sized case that can be analyzed easily by a
variety of other codes. There are 20 truss elements, 16
frame elements, and four non-structural fixed masses. The
material used is steel. This structure is designed for
optimum member size and geometry under a set of three load
conditions and subject to constraints on maximum stress,
maximum joint displacement, Euler and local buckling, and
minimum structure natural frequencies. The weight of the
non-structural fixed masses and the structure's own weight
are imposed as loads. There are 10 member size and five
coordinate design variables and a total of 493 constraints.

The number of analyses required for this design is 385 using

120 seconds of CPU time and terminating on the 21lst itera-
tion. Of the analyses conducted, 305 were required for the
calculation of gradients. The weight of the structure,

including non-structural fixed masses, is reduced from 3302

pounds to 1lu62 pounds. Results are given in Table VIII.
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TABLE VII

EXAMPLE 1: FINAL OPTIMIZATION INFORMATION
FINAL CPTINMIZATICN INFORMATION

g8y = C.5ETSCTE+C3
THEFE ARE 1 ACTIVE CONSTRAINTS
CCN;IRAIN1 MJMBERS ARE

THERE ARE O VICLATED CONSTRAINTS
THERE ARE O ACTIVE SIDE CONSTRAINTS

TERMINATICN CRITERION
ABSICBJ(11-0BJ(I-1)) LESS THAN DABFUN FC(R 3 ITERATIONS

NUMBER OF ITERATICNS = 12

CBJECTIVE FUNCTION WAS EVALUATED 114 TIMES
CONSTRAINT FUNCTICNS WERE EVALUATED 114 TIMES
THIS RUN FECUIREC 116 STRUCTURAL ANALYSES

NUMEBER OF SECCNCS RZQUIRED FOR EXECUTION = 2,79

kEICHT OF STRUCTUPE GIVEN AREAS & LENGTHS
WEICHT 0.58751E+Q3
TCTIAL HEICHT INCLLDING FIXED MASSES
TCTAL WEICGHT= 83751E+03
JCINT CUCFDINATES
JCINT Y 4
1 0.0 0.0 0.0
2 Ce 1CCCOE+C3 Ce0 0.0
3 «2C0COE+C3 0.0 0.0
4 . 0.86259E+02 0.0
5 0.0 0e 0 0.45432E+02

ELEMENT INFGRMATICN FCR BAR ELEMENTS
ELEMENT=-JCINT RELATICNSHIPS

ELEMENT NODE 1 NOCE 2 AREA LENGTH
1 2 4 Q.23481E+01 Q. 12C8E+Q3
2 2 S 0.8499E+01 0.1098E+03

ELEVENT IMFCRMATICN FOR FRAME ELEMENTS
ELEVENT-JCINT RELATICNSHIPS
LAC NCDE1l NCCE2 ERE A LENGT
3 1 ¢ 00322<E+01 0.1000¢
4 ) 2 0.2368E+401 0.10C0E
GENVALUES AMND EIGENVECTORS
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f @ EXAMPLE 2

Figure 6.2 TWO-TIER 3-D PORTAL FRAME WITY TRUSS X-BRACES
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TABLE VIII

FINAL OPTIMIZATION INFORMATION

.
.

EXAMPLE 2

FINAL CPTIVMIZATICN INFORMATION

2E+CS
cTlI
RS

Celb4ble

oeJ =

VE_CCNSTRAINTS
ARE

3 A
NUMBE
19¢

C VICLATED CCNSTRAINTS

THERE ARE

LESS THAN CABFUN FCR 3 ITERATIONS

NUVMBER CF ITERATICNS =

ION
L}]
OBJECTIVE FUNCTICM WAS

21
EVALUATEC

383 TIMES
383 TIMES

CCNSTRAINT FUNCTICNS WERE EVALUATED

STRUCTURAL ANALYSES

THIS RUN RECUIREC 385

NUMBER OF

SECCNCS REQUIREL FOR EXECUTICN = 120.7

STRUCTURE GIVEN AREAS & LENGTHS
ol44l EE+

E_GI
EE+Co

R
0

IGHT CF
IGHT=

WE
WE

~

»
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D. EXAMPLE 3: ©DD-963 FOREMAST

Example three is a redesign of the forward mast on the
DD-963 of SPRUANCE class destroyer. Tunc DRD-363 foremast has
been chosen as the third test case for the following reasons:
1) the structure is typical of the masts found on many com-
batants in the United States and other navies, 2) high top-
side weight reduction is desirable from a stability viewpoint
for any ship, 3) the structural members are predominantly
tubular, 4) the problem is sufficiently complex to make
conventional design methods cumbersome, 5) the member size
and loading information is available.

The structure as shown in Figures 6.3 through 6.6 is
constructed of 172 aluminum frame members. The material
used in the structure is 5086 H32 aluminum, an alloy with
moderate strength, good weldability, and good corrosion
resistance.

This structure is designed for optimum member size under
a single lcad condition and subject to constraints on maxi-
mum member stress, maximum joint displacement, Euler and
local buckling.

Some structural simplifications are made. The weights
of mast-mounted radars, antennas, and platforms are modeled
by a series of fixed masses which are imposed as loads along
with the structure's own weight. The forces due to halyards
and wire antennas are applied as loads. Inertial forces due

to ships motion are calculated for the initial design coint
> =
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and consist of the product of a member's half-weight and a
coordinate-dependent load-factor applied at each end of the
element [Ref. 6]. The load-factor multiplier is dependent
on the distances from a point at the intersection of the
design waterline and the ship centerline amidships (frame
264 1/2). Ship's motion loads are applied for a roll to
port. In that the purpose of this example is only to
attempt to solve a large and messy problem rather than to
produce an actual design no attempt is made to include wind,
shock, and blast loads. There are 34 member size design
variables and a total of 1054 constraints. The number of
analyses required for this design is 555 using 4482 seconds
of CPU time and terminating on the 17th iteration. Of the
analyses conducted, 544 were required for the calculation

of gradients. The weight of the structure, including non-
structural fixed masses, is increased from 48,199 pounds

to 56,746 pounds. The structure as modeled was initially
infeasible due, most likely to the structural simplifications

made in the topmast area. Results are given in Table IX.
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VII. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

An existing finite element code was expanded to encom-
pass the more general case of frame members; i.e., six
degrees of freedcm per joint. Combined truss and frame
structures were designed for minimum weight with multiple
load conditions considered.

The displacement method was used for static analysis
and the subspace iteration method was used for eigenvalues.
Several examples were considered. In every case the

code worked as an analysis tcol, and significant weight
. reductions were obtained with the coupled optimizer CONMIN.
The SADX design code has been shown to be a useful tool

for ship mast optimum design.

- 3. RECOMMENDATIONS
The following reccommendations may be of value for future

work.

1. The routines necessary to calculate gradients analyt-
ically should be added to the code.
2. The code should be extended to include plate and

shear elements and a library of member cross-sections.

VT T Ty YY WV OV T v
L ot e

T

3. An out of core equation solver should be added.

-
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4. The ability to specify multipliers for applying iner-
tial loads along the three coordinate axes should be added
in a fashion similar to that used for applying structure's
own weight as loads. Such an addition would simplify dynamic
load analysis and design.

5. The method of gradient calculation should be depen-
dent on specific gradients required [Ref. 7] and [Ref. 8].

6. Gradients of frequency constraints would benefit from
a more efficient algorithm [Ref. 9].

7. The need for a large scale public structural optimiza-
tion code still exists.

8. The code should be modified to allow optimum member
size design followed by simultaneous optimum member size and

optimum geometry design.
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APPENDIX A

DATA FILES

A. INTRODUCTION
This appendix contains the data files used to create
the test cases in Chapter VI. Additionally the data file

for the USER'S guide in complete form is presented.
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TABLE X
DATA FILE TRUSS-BRACED CANTILEVER BEAM

SEXRERIIBLARE I VSRS B IBDENB AT SNRENE SRE (A S SRAE BB A SRR A RE AL EABE SRR SE T REA SRR S HE
$BLCCK A TITLE 1 CARD FORMAT 80H

JRUSS-BRACED CANTILEVER BEAM: EXAMPLE 1

SHXAIXIBI] RSNV RA2 I IXBER LI BRES IR BRBLES RASH XX SERAR XXX B OB AT ERE 0E TEL AR S 0B

SBLCCK 8 CGNTFE% PARBMETERS 3 CARDS FORMAT 3110
: NEB i N 5 NJ ; NCJ ; NMT 5 10veLe ; NDJ L
2
g NEUBC l LBLCK NFREQ NFMASS l NEIG l NEIG1 i NPRI A
: NLC ‘ NCSPLC NSTRES NSTW i NFM
stttttt#‘%*t#ti#ttt tt.ttt*-tztttitttt‘k#‘tttt#ttitttttt##tﬁ#ttt*t#*t7tttttt¢tt
$SLCCK C OYNAMIC ANALYSIS INFORMATION 1 CARD FORMAT 110,2F10.0
: LMASS GREV EPSSIG |
gtttt*titgt‘tn#gggzzattittttgitttttttt*b‘ttttttt*St.ttttt*tettttttttt7#ttt‘t#tt
$8LCCK C JOINT CCORDINATES
s NJ CAPDS FORMAT 11043F10
; i X-CCCRO | Y=-COCROD | Z-COORD |
1 Qe Q. 0.
2 100. Q. Qe
3 200. Qe 9.
4 Qe 150. Oe
] 0. Q. 50
$BLOCK E DESIGN VARIABLE LINKING DATA
$ NDJ CARDS FORMAT 4T110,3F10.0
$ JN Ix 14 4 194 PCX PCY PCZ
$ | é l { | &
4 0 1.0 l. 1.
S Q 0 2 1.0 1.0 1.0
L Lot bahbbbtadd Sttt hbmat et o L L E LT SR T 21 T2 TV P PTTT T3 PrPTPepeey

$8LCCK F MATERJAL PRCPERTIES
: € R¢C SIGM

NMT CARDS FORMAT 6F10.0
SIGMAX K EULER POISSN

! %5000-
S:-taugt-tZsat:aavt
1

]

e

1
2
$o0s

. ? Qe -2
=

$8LCCK

$ LN

1
s0
. =369
Ri S AL T e 2 2L 20
AR ELEMENT INFORM

NGCE2 NCDE3

o2

N

QE+ 00 2
SE+ Q0 2 27
49 . ECARRKXAXERSERREAXLRE TERRIEN S0k
G AT ORMAT SIIO.Fgg.IIO
AREA LSECT

[

ON NES CARDS
MATCOO NSOGL

! :
0
it niiidbid il il P FETIEIIEEEERT L FIFY 2 PA L ] *ﬁ“‘OOS‘QO#QtCl;é.t““‘..t7“‘”. *%8

S8LOCK W FRAME ELEMENT INFCRMATION ZMNEF CARDS FQRMAT 711Q/2F10
s LNO NOCEe NCDE3 MATCOD ASOG1 NSDG2 LSECT

. ) !

3 2 3 5 1
1.9

EEBIEIR K ARXISRRA A AR ER IR RAB L0 S RRRE SEBS SRR ELXER XL IRRXEBEARTEE AR 49K
IN;)CGNSTRAI%; DATA NCJ CARDS FORMAT T1l0 122

é 12 é Ixx é 1YYy g g
? ? 1 ? ?

:

%ttnntn--.%at-tta-atiataa:atsa t‘tttlt*tétt.lttt.t%tttt“‘t‘
NG CATA 1 CARD FORMAT 110

C IN BLCCK B)

a

s~ T e ¢ ==

NPt
¥

[JUIW]

40t e

:CFARD[Hl CHARCIM2

N O poibeme

SO Y

e

[
tem il RPN e

]
$Emsnd
$8L0CK I
$ JN

T~
O

EEII - TTTY
$BLGCK‘J

Cr
NLJ
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TABLE XI

DATA FILE TRUSS-BRACED CANTILEVER BEAM continued

NLJ CARDS ~ FORMATI10,6F10
JN FX FY | ™ ! TY | i

|
Oe IOOOoL Qe 0. 0. Q.

0.0 -10
*tttt*###3tﬁ#ttt$2t2ttOttt#*25tt*t:t*tgbttttttt#21t#t#ttttl
CATA NFMASS CARDS FORMAT [10,F10.0
S=¢ IN BLOCK 8)

L 1

$5 39 2%BI%
gBLGCK(K

i JN
$
FREEEAIRRERAEEEBLAR RERRERAS KR ERRREREEERRERBEER T RS RIAE S BR

%
RLE INFOR*ATION CARDS AS REQ*) FORMAT 8F10.0
1%: RIABLES CMIT IF NOVAP1=0)

| | i l
20.0 2.0 2.0

.18 .18 ! !
l 1 |

x
»
=t sl

~n O~ s C©
.
n
»
.
°~

Se 26 b o
8*3*‘*‘.#'#&4&‘ttt‘tltst‘t#t‘t.#b*ttttttt*?#‘#‘t‘“*

2
»
NFORMATION CARDS AS REQ'D FORMAT 8F10.0
M OMIT IF NDVAR2s=Q)

ARZ'

t#lntaitz *
SIGA_VARI
NATE V

%0.4

DMy
[
H

128968
ABLE 1
RIABLE
XC(NOV

- 80

s () mmenar ) (I 140 e £ wstorns ) ammen
L]

"N AR
>
-de

$
J | ! | | |
:

0.

e

Xcu

8o

O—Hn‘nnﬂmu— et e 94 O e

ERRRE
BLCCK

-
D7) e

L b bttt et hie it bt ddttid bittd it aid bhtttadd o
ACFMENT CONSTRAINTS NDSPLC CARDS FCRMAT 3110,2F10
Cs=C éN BLOCK B) 8u

R S

t‘tttmtzt.itt‘t‘t%t“*ilaitZ#*Ot“‘tlstttttt‘t’é#tt“tttt?tt*tt‘Ot‘
?gEhCY CCNSTRAINTS NC. OF CARDS AS REQ'D FCRMAT 8Fl10.0
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APPENDIX B

PROGRAM ORGANIZATION

A. DESCRIPTION

The program organization is layed out in the following
flow charts. The main driver program (SADXM) calls a
subdriver (SADXSD), and the optimizer of the user's choice.
All changes required for replacement of the optimizer are
made in SADXM, thus allowing for easy testing of several
optimizers on the same problem.

SADXSD may be called from the main for input, analysis,
and output. Printed output may vary as the user requires.
A complete listing of all subroutines and their functions is

given in Table XXIV.
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